Structural build-up of cementitious paste under external magnetic fields by Jiao, Dengwu et al.
Structural Build-Up of Cementitious Paste
Under External Magnetic Fields
Dengwu Jiao1,2(&), Khadija El Cheikh1, Karel Lesage1, Caijun Shi2,
and Geert De Schutter1
1 Magnel Laboratory for Concrete Research,
Department of Structural Engineering, Ghent University, Ghent, Belgium
dengwu.jiao@ugent.be
2 Key Laboratory for Green and Advanced Civil Engineering Materials
and Application Technology of Hunan Province, College of Civil Engineering,
Hunan University, Changsha, China
Abstract. Engineering application processes of fresh concrete include trans-
porting, pumping, formwork casting, etc. Each process is a signiﬁcant factor
influencing properties of fresh and hardened concrete. However, many contra-
dicting requirements of fresh concrete performances (such as structuration rate)
exist in these operation processes. Therefore, advanced techniques need to be
proposed to satisfy future challenges. Actively controlling the stiffness by
applying external magnetic ﬁelds would be a potential solution for the contra-
dicting requirements, and could make the pumping and casting processes smarter
and more reliable. In the present paper, the effects of magnetic ﬁeld strength and
magnetizing time on structural build-up of cementitious paste are discussed. The
results show that higher magnetic ﬁeld strengths result in higher percolation time
and lower phase angle at equilibrium state. However, the application of external
magnetic ﬁelds with low flux density has little effects on the viscoelastic beha-
viour of cementitious paste. Under high magnetic ﬁeld strengths, the viscous-
liquid behaviour dominates the elastic-solid behaviour at early stage, while the
solid-like behaviour becomes more dominant with magnetizing time.
Keywords: Cement paste  Structural build-up  Viscoelastic behavior 
Magnetic ﬁelds
1 Introduction
The engineering application processes of concrete include transporting, pumping and
formwork casting. Each process is a signiﬁcant factor influencing the properties of fresh
and hardened concrete. However, for the same concrete mixture proportion, once the
concrete is prepared, its properties become uncontrollable to a certain extent. In this
case, this concrete is transported and pumped according to its original properties, and
the construction techniques will become the main barrier to improve the robustness of
concrete. Thus, more attention should be paid to improvement of construction tech-
niques. Indeed, many conflicts and contradictions in requirements of fresh concrete
performances exist in different operation processes. For example, lower thixotropic
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structural build-up is needed to overcome the major problem in resuming pumping
operations if a short interruption is experienced (such as the delay of concrete truck) [1]
and improve the interface properties during multi-casting process [2]. By contrast,
higher structuration rate of fresh concrete is beneﬁcial for reducing formwork pressure
at the casting process [3, 4]. In this context, an innovative casting concept “SmartCast”
has been proposed by De Schutter [5, 6] to overcome aforementioned problems. By
actively controlling the rheology and stiffness, the structuration rate of fresh concrete
could be adjusted artiﬁcially according to the requirements at different operation pro-
cesses for the same concrete mixture, which could make the pumping and casting
processes smarter and more reliable.
Applying an external magnetic ﬁeld is a potential way to control the rheology of
fresh concrete. However, cement pastes without magnetic additives have negligible
response to magnetic ﬁeld [7, 8]. In the present study, the structural build-up of
cementitious paste containing nano-Fe3O4 was experimentally investigated under
external magnetic ﬁelds. The time-sweep test with low shear strain within the linear
viscoelastic region was conducted to characterize the structural build-up of cementi-
tious paste. The current study provides a step forward in stiffness control of cement
pastes. The results are some preliminary concepts that will contribute to actively
controlling the rheology and stiffness of cementitious materials.
2 Experimental Program
2.1 Materials and Mix Proportions
CEM I 42.5 Portland cement (OPC) conforming to EN 196-1 [9] was used in this
study. The chemical composition is shown in Table 1. Spherical iron oxide Fe3O4
nanoparticles with Fe3O4 purity higher than 98% were used. The average particle size
and density of nano-Fe3O4 are 20 nm–30 nm and 4.95 g/cm
3, respectively. All sam-
ples were prepared using de-ionized water. The water-to-cement (w/c) mass ratio of
cement paste medium was 0.4. The content of nano-Fe3O4 was ﬁxed at 3% by the mass
of cement paste.
Table 1. Chemical composition of Portland cement.
Components % by mass
SiO2 19.6
Al2O3 4.88
Fe2O3 3.14
CaO 63.2
MgO 1.8
SO3 2.9
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2.2 Testing Method
The structural evolution of cementitious paste was characterized by storage modulus and
phase angle, obtained from small amplitude oscillatory shear (SAOS) test using a
rotational parallel plate rheometer (MCR 102, Anton Paar, Austria). The disc diameter is
20 mm and the gap between the upper and lower plates is ﬁxed at 1 mm. After the
sample was prepared, it was poured on the lower plate. To obtain a repeatable initial
state and eliminate possible influences during gap positioning, the sample was ﬁrst pre-
sheared at shear rate of 100 s−1 for 30 s and then rested for 10 s without external
magnetic ﬁeld. Afterwards, the oscillatory time-sweep test with constant frequency of
2 Hz and strain amplitude of 0.001% was immediately carried out for 180 s under given
magnetic ﬁeld. The magnetic flux densities were selected as 0 T, 0.08 T, 0.16 T, 0.24 T,
0.32 T, 0.5 T and 0.76 T. Each test was repeated for three times using fresh samples.
During the rheological tests, the temperature was controlled at 20 °C ± 0.5 °C.
3 Results and Discussion
3.1 Storage Modulus
The evolution of storage modulus of cementitious pastes under various external
magnetic ﬁelds are shown in Fig. 1. Without external magnetic ﬁelds, the storage
modulus of cementitious paste gradually increased with resting time. The results are in
agreement with those shown in [10–12]. Indeed, at rest, colloidal interactions due to
van der Waals attractive forces lead to formation of flocculated structures. On the other
side, C-S-H links and bridges between cement particles are enhanced with progress of
cement hydration. Besides, the nano-Fe3O4 particles have a strong tendency to
agglomerate due to their high magnetic properties [13–15]. As a result, the rigidity and
stiffness of cementitious suspensions are increased, exhibiting a gradual increase in
storage modulus. With the elapses of resting time, the storage modulus reached a steady
increase, reflecting the transition from viscous behavior to elastic behavior.
It can be observed from Fig. 1 that the application of external magnetic ﬁeld had a
signiﬁcant influence on the structural build-up of cementitious paste. After applying an
external magnetic ﬁeld, low storage modulus at early ages (45 s) and high storage
modulus at longer magnetizing time were respectively observed. This indicates that
applying the external magnetic ﬁeld improved the liquid-like property and then the
solid-like property was gradually enhanced with magnetizing time. The development of
storage modulus was also dependent on the magnetic ﬁeld strength. Indeed, low
magnetic ﬁeld such as 0.08 T and 0.16 T had little effects on the magnitude of storage
modulus. After magnetizing for 180 s, the storage modulus increased by 1.4 and 2
times after applying magnetic ﬁeld of 0.24 T and 0.5 T, respectively. In other words,
the magnetorheological effect, describing the responsiveness of the suspension to
external magnetic ﬁeld, was only obvious at sufﬁciently high magnetic ﬁeld strength.
This is in agreement with the results obtained by Rankin et al. [16]. This behavior can
be explained by the fact that the magnetic ﬁeld-induced interparticle force is correlated
to the particle distance. Indeed, the interparticle force induced by external magnetic
ﬁeld increases with decreasing distance between particles [17]. Under low magnetic
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ﬁeld, the nanoparticles aggregate into clusters. In this case, the mean distance between
the clusters is large and the mean interparticle force is low, and the gap-spanning chains
do not form [16]. With the magnetic ﬁeld strength increases, the clusters grow and the
gap is gradually narrowed. At sufﬁcient large magnetic ﬁeld, the gap-spanning clusters
form. This is reflected by the large magnitude of storage modulus under external
magnetic ﬁelds with high strength. In addition, the amount of nanoparticles contributed
to clusters are increased with the increase of magnetic ﬁeld strength. In a word, the
increase of storage modulus is a result of enhancement in particle interactions due to
more effective nanoparticles and higher magnetic forces. In the case of the improve-
ment of liquid-like property at early ages, it will be discussed in the following part.
3.2 Phase Angle
The phase angle (d) is used to describe the phase shift between the applied stress and
resultant strain, which can be calculated by tan−1 (G″/G′). The viscous behavior
dominates when d > 45°, and the elastic behavior dominates when d < 45°. The phase
angle of cementitious paste as a function of time under various magnetic ﬁelds is
shown in Fig. 2. As expected, the phase angle was signiﬁcantly decreased and then
stabilized, reflecting the transition from liquid behavior to elastic behavior. The time
where the value of phase angle starts to stabilize can be deﬁned as percolation time
[18], which can be used to describe the time for colloidal particles to reach their
equilibrium positions. It can be seen that the percolation time gradually increased with
the increase of magnetic ﬁeld strength. For example, the percolation time was about
20 s and 100 s under external magnetic ﬁeld of 0 T and 0.5 T, respectively. In other
words, it will need longer time for the magnetic nanoparticles to reach their stable
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Fig. 1. Evolution of storage modulus of cementitious paste under various magnetic ﬁelds.
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positions at higher magnetic ﬁelds. Besides, higher magnetic ﬁeld strength resulted in
lower phase angle at equilibrium state, indicating that higher structural strength was
obtained at higher magnetic ﬁeld.
From Fig. 2, it can be seen that the time when G′ = G″ increased with increasing
magnetic ﬁeld strength. This means that the liquid-like behavior of cementitious paste
was improved at the beginning after applying a high magnetic ﬁeld. This can be
explained by the nanoparticle movement under external magnetic ﬁeld. In the absence
of external magnetic ﬁelds, the nano-Fe3O4 particles were randomly distributed in the
cement paste medium. After application of an external magnetic ﬁeld, the magnetic
dipoles in the nano-Fe3O4 will move to be aligned along the direction of magnetic ﬁeld.
During their displacements to form clusters, the nanoparticles create a sort of
mechanical agitation, and then the C-S-H bridges and flocculated networks between
cement particles are destroyed. Thus, the cement particles transform from flocculated
state to dispersed state, and a more viscous behavior can be observed.
4 Conclusions
The effect of magnetic ﬁeld strength on storage modulus and phase angle evolution of
cement paste containing nano-Fe3O4 was studied. The results showed that:
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Fig. 2. Evolution of phase angle of cementitious paste under various magnetic ﬁelds.
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(1) The application of external magnetic ﬁelds with low flux density had little effects
on the structural build-up of cementitious paste.
(2) Higher magnetic ﬁeld strengths resulted in higher storage modulus and percola-
tion time, as well as lower phase angles at equilibrium state.
(3) The liquid-like property was improved at the beginning after applying magnetic
ﬁeld and the solid-like property became more dominant with magnetizing time.
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